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The oxygenic photosynthesis in plants and algae is a very important biological process because it 
produces molecular oxygen which is essential for most of aerobic organisms in our planet. It transforms the 
light energy into chemical energy by a series of photochemical reactions. It takes place in the thylakoid 
membrane cyanobacteria or chloroplasts in higher plants and algae. The thylakoid membrane is composed f 
two parts; (1) stacked membrane called grana lamell, which contains photosystem II (PSII), (2) unstacked 
membrane called stroma lamella, which contains photosystem I (PSI).  PSII and PSI are the main pigment-
protein complexes that play an important role in the p otosynthesis process. PSII uses the light energy as a 
driving force for the water oxidation process which is catalyzed by the Mn-Ca cluster.1  
The structure of the cyanobacterial PSII complex has been resolved using X-ray crystallography to 
a resolution of around 1.9 Å.2 It has a dimeric structure of three pigment-protein complexes; reaction center 
(RC), Chlorophyll-Binding Protein 43 (CP43), and CP47. RC is composed of the product of the PsbA and 
PsbD genes which represent the D1 and D2 subunits, respectively. It coordinates six Chlorophylls a (Chl a), 
two pheophytins (Pheo), and two plastoquinones. Two other proteins, PsbB and PsbC, constitute the two 
inner antenna complexes, called CP43 and CP47, respectively. CP43 and CP47 contain 13 and 16 Chl a, 
respectively.3  
The structure of PSII from higher plants is not avail ble at present. It is assumed to be similar to that
of cyanobacteria. The composition of the proteins involved in the stabilization of the water-splitting cluster 
is the main difference in PSII between higher plants and cyanobacteria.4 PSII from higher plants is surrounded 
by the peripheral antenna complexes, whereas that of cyanobacteria does not bind the membranal peripheral 
antenna. Light ̶ harvesting complex (LHCII) associated with PSII is the main component of the peripheral 
antenna in plants and algae. The structure of the trim ric LHCII was resolved up to a 2.5-Å resolution.5, 6 
Each monomer is composed of two amphipathic helices and three transmembrane helices, which bind eight 
Chl a, six Chlorophyll b (Chl b), and some other cofactors. The distances between n ighboring Chl pigments 
were estimated to be around 10 Å, which ensures a fa t energy transfer. 
Time-resolved fluorescence measurements at cryogenic t mperature (77 K) can give us detailed 
information about some of the fast energy-transfer processes that cannot be resolved at room temperatur . 
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The fluorescence spectrum of the PSII complex at 77 K includes two main peaks at 683 and 692 nm. The 
red-shifted fluorescence peak around 692 nm, which is afterward called F692, is one example of the emissive 
species that has been distinguished at 77 K. It has been proposed that the emissive species of F692 is placed 
in the core antenna, CP47, based on the similarity be ween the fluorescence peak at 692 nm in the isolated 
CP47 and that in PSII-cc at a low temperature.7-11 The Chl molecule responsible for F692 peak is called Red 
Chl. Many research groups have proposed that a monoeric Chl, namely Chl29 (Chl numbering throughout 
the thesis is according to the nomenclature of Lollet al.3) in CP47, is responsible for F692 according to the 
site-directed mutation study12 and the absorption and linear dichroism (LD) spectra of the CP47 subunit.10 In 
agreement with these studies, from the fit of linear optical spectra, Raszewski and Renger suggested that the 
lowest excited state in CP47 is localized on Chl29.13 Their calculations showed that the second lowest exci ed 
state in CP47 at 683 nm comes from more than one exciton transition. Chl11 and Chl24, which are rather 
distant from each other, contribute to different transitions at this wavelength. Shibata et al.14 lso supported 
these calculations. They measured the time-resolved fluorescence spectra of cyanobacterial PSII complex at 
different temperatures, from 5 to 180 K, and compared the results with the simulated spectra. A good 
agreement between the experimental and simulated spctra was obtained for the absorption spectra. In 
addition, they confirmed that the site energies obtained by Raszewski and Renger13 can well reproduce the 
temperature dependence of the time-resolved fluorescence spectra of PSII. The lowest excited states in the 
CP43 complex were assigned to be on Chl43 and Chl45 in the same domain and Chl37 in the other domain.14 
Recently, Jankowiak and co-workers have raised a question about the above assignments of site 
energies. They proposed that Chl26 is assigned to the lowest excited state.15 Thus, the assignment of the Red 
Chl is still under debate. They also suggested that the low-temperature fluorescence spectra of PSII reported 
by various groups so far are affected by the degradation of the sample by repeated freeze–thaw cycles and/or 
intense laser irradiations. We confirmed that the repeated freeze–thaw cycles actually have only a limited 
influence on the fluorescence spectra of PSII. Reppert et al.16 proposed that the lowest energy pigments in 
CP43 were localized on Chl44 and Chl37 characterized by non-photochemical hole burning (NPHB) 
spectroscopy. 
Very recently, Hall et al.17 conducted a circular polarized luminescence (CPL) spectroscopy to 
identify the lowest-energy pigments in the isolated CP43 complex. They confirmed that there are strong 
excitonic interactions for at least one of the two ell-known emitting states of CP43 named “A” and “B”. 
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They evaluated the CP43 spectra of the previous strcture-based models in light of the new CPL data. Their 
analysis supported the assignments of the lowest excited states by Shibata at al.14 
Energy-transfer processes in PSII complex are still unclear. Extracting information from time-
resolved fluorescence spectra requires complicated fit ing analyses. A compartment analysis is an important 
method for the fitting process in which the microscpi  rate constants that describe the decay of each
compartment as well as the energy transfers between th m can be estimated. Snellenburg et al. succeeded in 
building a new compartment model with eight compartments to fit the time-resolved spectra of the PSII-
enriched membrane (PSII-em) at 77 K.18 Though their model could reproduce the observed fluorescence 
dynamics, it was not based on the known structure of the PSII complex. Moreover, the large number (eight) 
of compartments made the analysis too complicated. Un erstanding of the light-harvesting dynamics in PSII 
on the basis of its detailed structure has been eagerly anticipated.  
 
(1-B)  Outline 
In our research, we conducted time-resolved fluorescence studies of PSII enriched membrane (PSII-
em) at 77 K. Here, PSII-em is defined as a PSII complex that consists of a PSII-core complex (PSII-cc) 
surrounded by several peripheral light-harvesting pigment-protein complexes (LHCII). We tried to construc  
a new compartment model that has a minimum number of compartments and is consistent with results of the 
microscopic model based on the structure of PSII-cc.14 The reliability of the compartment model has been 
further investigated by fitting the time-resolved fluorescence data at different experimental conditions. We 
found that this compartment model was successful in fitti g the data in different conditions. The aim of this 
model is to identify the probable excitation-energy-transfer pathway from LHCII to PSII-cc. We also used it 






























(2-A-1)  The location of the photosynthesis process 
The sun is one of the most important sources of the ren wable energy. The amount of the sunlight energy 
reaching the surface of the Earth is sufficient to pr vide energy to the human activities.19 Photosynthetic 
organisms such as plants and algae use a large fraction of the sunlight to produce energy-rich chemical bonds 
that enable productions of biomass, including all the food and feed in our planet. There are two types of 
photosynthesis; (1) oxygenic photosynthesis in which the molecular oxygen is evolved as the main product 
of the photosynthesis, and (2) anoxygenic photosynthesis, on the other hand, molecular oxygen is not evolv d. 
In this thesis, I exclusively discuss the former. Photosynthesis process takes place in three stages: (1) 
capturing energy from the sunlight; (2) converting the energy to productions of adenosine triphosphate (ATP) 
and reducing power in the form of a compound called nicotinamide adenine dinucleotide phosphate 
(NADPH); and (3) using the ATP and NADPH to power the synthesis of organic molecules from CO2 in the 
air (carbon fixation by the Calvin cycle). The first two stages take place in the presence of light and are 
commonly called light reactions. The third stage takes place in the absence of light and is commonly called 
dark reactions. The following simple equation summarizes the overall process of photosynthesis: 
        6 CO2 + 12 H2O + light                     C6H12O6 + 6 H2O + 6 O2  
The most active photosynthetic tissue in higher plant is the mesophyll of leaves. Mesophyll cells have 
many chloroplasts, which contain specialized light-absorbing green pigments, chlorophylls (Chls). Figure 2-






Photosynthesis process takes place in a subcellular org nelle known as the chloroplast as shown in Fig. 2-
1A. Fig. 2-1B shows a transmission electron micrograph of a thin section from a pea chloroplast. The int rnal 
membranes of chloroplasts are organized into sacs clled thylakoids. Most of the thylakoids appear to be 
very closely stacked. These stacked membranes are known as grana lamellae (singular lamella; each stack is 
called a granum), and the exposed membranes without stacking are known as stroma lamellae. The thylakoid 
membranes house the photosynthetic pigments for capturing light energy. Surrounding the thylakoid 
membranes system is a semiliquid substance called stroma. The stroma houses the enzymes needed for Calvin 
cycle.  
Fig. 2-1 Organization of the photosynthetic apparatus: (A) chloroplast structure and (B) transmission 





(2-A-2)  Organization and structure of thylakoid membrane 
As mentioned in the last section, thylakoid membrane divided into two parts; grana lamellae (stacked 
membrane) and stroma lamellae (unstacked membrane). Th re are several numbers of proteins essential to 
the photosynthesis process embedded in the thylakoid membranes. In the thylakoid membrane, the light-
absorbing pigments are associated together with the prot ins in highly specific way to form pigment-protein 
complexes which play the main role in the photosynthesis process. The arrangement of the photosynthetic 
pigments in the pigment-protein complexes is ideal to get an efficient energy and electron-transfer processes.  
In the light reaction, there are four main pigment-protein complexes working together for producing ATP 
and NADPH compounds which are used in the subsequent Calvin cycle. These complexes include 
photosystem II (PSII), photosystem I (PSI), cytochrme b6f (Cyt b6f), and ATP synthase. PSII and Cyt b6f 
complexes are located in the grana lamellae, whereas the PSI and ATP synthase synthase are known to be 






Each photosystem complex is surrounded by its own antenna pigments which absorb the light energy for 
initializing the photosynthesis process.  PSII is surrounded by other pigment-protein complexes which called 
light-harvesting complex II (LHCII), whereas PSI is surrounded by light harvesting complex I (LHCI). The 
structures of these complexes are shown in Fig. 2-3. The PSII and PSI complexes are spatially separated 
(many tens of nanometers) so that Cyt b6f complex, is distributed between grana and stroma lame lae to 
mediate the electron flow PSII to PSI complexes. 
 
  




(2-A-3)  Absorption spectrum of the PSII complex 
Chl is a typical pigment in photosynthetic organisms in which they are located in the chloroplast. 
Chlorophyll a (Chl a) and chlorophyll b (Chl b) are abundant in green plants and algae, which absorb the 
energy of sunlight in the red and blue regions of the spectrum. Chl molecules are composed of a complex 
ring structure which is chemically related to porphyrin as shown in Fig. 2-4. The ring structure contains many 
 electrons (loosely bound) which are involved in the electronic transitions in visible region. The first excited 
state of Chl b can be excited at 650 nm (Qy transition of 1.86 eV) as shown in Fig. 2-4B, whereas the first 
excited state of Chl a can be excited at around 675 nm (1.79 eV). The energy gap between these two excited 
states is big enough (0.07 e V) in which energy transfer from Chl a to Chl b is not allowed at room 
temperatures.19 







(2-A-4)  Fluorescence spectrum of the PSII complex 
Basically, fluorescence from the PSII complex has a maximum peak around 680 nm at 180 K as 
shown in Fig. 2-5. At low temperature (77 K), the fluorescence spectrum is substantially changed and new 
two peaks at 683 and 692 nm are appeared. A schematic diagram in Fig. 2-5B shows a qualitative model to 
explain the fluorescence spectrum of PSII at low temp ratures. This model assumes two pigment pools which 
have lower excitation energies than with that of the primary donor. Excitation energy flows from the bulk 
antenna to the lowest excited-state pools at low temperature. The backward energy transfer to the primary 
donor in practically inhibited at low temperature. The excitation energy is trapped from the two lowest 
excited-state pools by emitting fluorescence. It has been theoretically and experimentally estimated that the 
























(2-A-5)  Electron flow in the photosynthesis 
Most of the photochemical processes in the light reactions of photosynthesis are carried out by the four 
main pigment-protein complexes. Special Chl pigment (P680) in PSII absorbs red light of 680 nm whereas 
special Chl pigment (P700) in PSI absorbs light of 700 nm. The electrons are ejected from the primary donors 
in PSII and PSI, and then these electrons pass throug  a series of electron carriers and finally reduc P700 
(for electrons from PSII) or NADP+ (for electron from PSI). Fig. 2-6 shows the flow of electrons from PSII 
to PSI and the function of the electron carriers in the photosynthesis process.  
 
  
Fig. 2-5 (A) Fluorescence spectra of the PSII complex at different temperatures. (B) Schematic diagram of a 






Absorption of the light energy by the primary electron donor in PSII is considered to be the driving force 
for the water oxidation. Vertical axis is the redox potential energy which plays also an important role in the 
water splitting process. The oxidized form of the primary donor has a large redox potential which enable it 
to oxidize the water molecules. The electron transport chain starts from PSII in which, PSII oxidizes water 
to produce molecular oxygen in the lumen. Water is ox dized according to the following equation; 
                                     2 H2O                       O2 + 4 H+ + 4 e−       
In this process, protons produced by the water oxidation are released into the thylakoid lumen, inducing a 
gradient of pH between inside and outside of the thylakoid. This ensures the vectorial nature of the thylakoid 
membrane. Eventually, these protons are transferred from the lumen to the stroma region through the ATP 
synthase. Consequently, the protons produced from the water oxidation process contribute to the 
electrochemical gradient force. Tyrozine Z (YZ) is the electron carrier that mediates the electron flow from 
the oxygen-evolving complex (OEC) to P680. OEC is aMn-Ca cluster that is used to catalyze the water 
oxidation process. P680+ is reduced by accepting an electron released from OEC.  
 The primary electron acceptor in PSII is proposed to be pheophytin (Pheo). Pheo has the same 
structure as chlorophyll except for that the central magnesium is replaced with two protons. Two 
plastoquinone molecules called Quinone A and B (QA and QB) are the secondary-electron acceptor in the 
Fig. 2-6  Detailed Z scheme for O2-evolving photosynthetic organisms.20  
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electron-flow chain in which the primary charge-separated state is stabilized by forming a secondary charge-
separated state (P680+ QA−). QB accepts two electrons and then transforms into QB2−, and then takes two 
protons from the stroma region to yield a fully hydroquinone (QBH2) as shown in Fig. 2-7. After that, 
hydroquinone dissociates from the PSII complex and e ters into another portion of the membrane and is 
bound to the Cyt b6f complex, to which its two electrons are transferred. 
 
The Cyt b6f complex is a large multi-subunit protein which plays an important role in the electrons 
and protons-flow during the photosynthesis process. It composed of Rieske iron-sulfur (FeSR), Cyt f, and Cyt 
b proteins. Q-cycle is the mechanism to describe the flow of electrons and protons through Cyt b6f. In this 
mechanism, plastohydroquinone (PQH2) bound to the luminal side of Cyt b6f is oxidized. Two protons are 
released into the lumen, inducing the pH gradient across the thylakoid membrane. One of the two electrons 
Fig. 2-7 Redox reaction of plastoquinone. The fully oxidized quinone (Q), anionic plastoquinone (Q−), 
and reduced plastohydroquinone (QH2).20 
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released from PQH2 goes through the linear electron transport chain toward PSI, while the second one goes 
through a cyclic process that increases the pumping of protons across the membrane as shown in Fig. 2-8. 
 
 
In the linear process as in Fig. 2-8A, PQH2 transfers one electron to the oxidized FeSR protein, and 
then Cyt f accepts this electron from FeSR. Cyt f then transfers the electron to a plastocyanin (PC), which 
reduces oxidized P700 in PSI. In the cyclic process as hown in Fig. 2-8B, a second PQH2 is oxidized; one 
electron is transferred from FeSR to PC and finally to PSI, while the second electron is transferred, through 
two Cyt b, to plastosemiquinone bound to the stromal side. At the same time, the doubly-reduced quinone 
picks up two protons form the stroma side and releas s them to the lumen side. Overall, four protons are 
transferred across the membrane for every two electrons delivered to PSI.  
P700 is oxidized by the action of light; this electron is transferred to three iron-sulfur clusters called 
FA, FB, and FX. Electron is transferred from the iron-sulfur cluster  to ferredoxin (Fd), then a membrane-
Fig. 2- 8  Mechanism of electron and proton transfer in the Cyt b6f complex. (A) the linear processes, and 
(B) the cyclic processes.20 
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associated flavoprotein, ferredoxin-NADP reductase (FNR), reduces NADP+ to NADPH, thus completing 
the sequence of noncyclic electron chain which starts with the oxidation of water. 
 
(2-A-6)  Structure of PSII-enriched membrane  
PSII-enriched membrane (PSII-em) is the stacked region of the thylakoid membrane. PSII-em 
consists of a PSII-core complex (PSII-cc) surrounded by several peripheral antenna (LHCII). PSII-cc consists 
of two copies of three pigment-protein complexes; raction center (RC), CP43, and CP47. The connection of 
PSII-cc and the antenna complexes is rather unstable, making the homogeneous preparation of the PSII-em 
complex is very difficult, and the disassembling of this complex is quite easy. There are several kinds of 
protein compositions of PSII-em depending on the prpa ation procedure. The biggest supercomplex 
prepared is called C2S2M2 as shown in Fig. 2-9. It consists of two core complexes (C2), four LHCII trimers, 
and two copies of the monomeric minor antenna complexes CP24, CP26, and CP29. Two of the four LHCII 
trimers are called LHCII-S (the symbol, S, means strongly bound to core complex), composed of the product 
of Lhcb1 and Lhcb2 genes, whereas the other two are called LHCII-M (the symbol, M, means moderately 
bound to the core complex), composed of, in addition of Lhcb1 and Lhcb2 genes, the product of the Lhcb3 
gene. The smallest PSII-em complex isolated so far is C2S2 which is deficient in the LHCII-M. The methods 





In this thesis, therefore, the minor antenna, CP24, CP26, and CP29 will be omitted to simplify the 
expression. Fig. 2-10 shows the schematic diagram of the monomeric structure of the PSII-em complex that
I use in this work. LHCII and the minor antenna aredescribed as LHCII as whole. The PSII-cc is the main 
part of PSII in which the charge separation process takes place. PSII-cc consists of three pigment-protein 
complexes, CP43, CP47 as core antenna, and RC whereelectron-transfer process occurs. The structure of the 
PSII-cc isolated from cyanobacteria was resolved at 1.9 Å resolution, whereas that from higher plants is not 
available. It is assumed to be similar to the cyanob cterial PSII-cc with some differences attributed to the 
extrinsic proteins involved in the stabilization of the water splitting cluster. Fig. 2-11 shows the pigment-
protein structure of CP43, Cp47, and RC involved in PSII-cc. In each monomer, there are 35 Chls a, 2 Pheos, 
2 plastoquinones, and 12 β-carotenes.  
  









Fig. 2-10  Schematic diagram of the monomeric structure of the PSII-em complex. 
Fig. 2-11 (A) Side view of pigment-protein structure of the main complexes of the PSII core 




RC is composed of the product of the PsbA and PsbD genes called (D1 and D2, respectively) which 
binds six Chls a, two Pheos and two plastoquinones (QA and QB). The cofactors of the electron-transport 
chain are arranged in tow symmetric branches. Four Chlsa, called PD1, PD2, ChlD1, and ChlD2, located near 
the luminal side of the membrane, are considered to be excitonically coupled with each other and with Pheos. 
ChlD1 is considered to be the primary donor, whereas PheoD1 is considered to be the primary acceptor.21 The 
other two Chls a called ChlZD1 and ChlZD2 are located at the peripheral edge of the RC complex, involved in 
the excitation energy-transfer processes from CP43 and CP47. Both CP43 and CP47 are composed of the 
product of PsbC and PsbB genes, respectively, with the former being located n ar D2 and the latter near D1. 
CP43 and CP47 bind 13 and 16 Chls a and CP47, respectively. On the luminal side in higher plants, D1 
provides most of the ligands for the Mn cluster which oxidizes water. 
Peripheral antenna (LHCII) is the outer antenna for the PSII-cc which is involved in photoregulation 
and photoprotection. The structure of the trimeric LHCII, from higher plants and algae has been obtained at 
2.5-2.72 Å resolution. Each monomer binds 14 Chls (8 Chls a and 6 Chls b) and 4 xanthophylls (1 neoxanthin, 
2 luteins, and 1 violaxanthin) and composed of three t ansmembrane helices and two amphipathic helices as 





Fig. 2-12  Model of the structure of LHCII (A) membrane view of the pigment-protein complex. (B) Top 
view of the pigment organization. The protein is in light blue cartoon structure, Chls a in green, Chls b in 
























(3-A)  Sample preparation   
A PSII-enriched membrane (PSII-em) was prepared from spinach following the previous method23 and 
suspended in a buffer containing 40 mM MES-NaOH (pH6.5), 0.4 M Sucrose, 15 mM NaCl, and 5 mM 
MgCl2. The sample solution with an optical density (OD) of around 140/cm at 678 nm was stored in a liquid 
N2 storage tank until use. The Chl-a/Chl-b ratio was estimated by measuring the absorption spectrum of an 
80%-acetone-solution extract by using a spectrophotome er (UV-3100PC, SHIMADZU, Kyoto). The absorption 
spectrum of the 80% acetone solution is shown in Fig. 3-1. 
 
The concentrations of Chl a and Chl b in the unit of µM are estimated according to the two following 
equations;24 
Chl-a = 13.71 × A663.6 – 2.85 × A646.6          (1) 
Chl-b = 22.25 × A646.6– 5.42 × A663.6           (2) 
where A646.6 and A663.6 are the absorbance at 646.6 nm and 663.6 nm, respectively. The absorbance values at 
646.6 nm and 663.6 nm were 0.727 and 1.5, respectively. The Chl a/Chl b ratio was calculated to be around 
2.2. The stock sample was diluted to an optical density at 678 nm of 0.51/mm with the same buffer. Forthe 
time-resolved fluorescence measurements at low temperature, we further added 66% (v/v) glycerol to the 
sample solution to ensure a transparent freezing. The final optical density of the sample was around 0.17/mm. 
In the oxidation experiments, we added 7 mM ferricyanide, (K3[Fe(CN)6]), solution to the sample solution 
Fig. 3-1  Absorption spectrum of acetone solution that contains Chl a and Chl b. 
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before adding the glycerol. The final optical density of the oxidized sample was around 0.17/mm. The sample 
was illuminated for around 5 minutes by the excitation laser source just before measurement. It has been
known that this treatment oxidizes Cyt b559 and induces the accumulation of oxidized ChlZ.25, 26 Schweitzer 
et al. have reported a fluorescence-quenching effect in PSII induced by the addition of an oxidizing aent.27 
The quencher has been assigned to the oxidized form of chlorophyll Z (ChlZ) according to the electron-
paramagnetic resonance (EPR) measurements. We consider that revisiting Schweitzer’s work about the 
fluorescence quenching of PSII may be useful to shed light on the origin of the Red Chl as well as to reveal 
the probable quenching pathway in PSII based on the structure. Fig. 3-2 shows that repeated freeze-thaw 
cycles have practically no effect on the fluorescence kinetics of PSII-em.  
  Fig. 3-2  Steady-state fluorescence spectra (A) and the fluorescence time profiles (B) of PSII-em at 77 
K after different freeze-thaw cycles. All the profiles were processed by averaging the decay over the 





(3-B)  Time-resolved fluorescence spectroscopy 
(3-B-1)  Background 
While normal fluorescence spectroscopy is useful as a highly selective and sensitive non-invasive probe, 
better chemical information can often be gained from the same experiment by exploiting the time-dependent 
nature of fluorescence. Time-resolved fluorescence provides more information about the molecular 
environment of the fluorophore than steady-state fluorescence measurements. Since the fluorescence lifetime 
of a molecule is very sensitive to its molecular environment, measurement of the fluorescence lifetime(s) 
reveals much about the state of the fluorophore. Many macromolecular events, such as rotational diffusion, 
resonance-energy transfer, and dynamic quenching, occur n the same time scale as the fluorescence decay. 
There are number of technical methods which are available for studying ultrafast dynamics of chemical and 
biochemical systems in different time domains. These t chnical methods can be divided into two categori s 
depending on whether single-wavelength or multi-wavelength data are collected. 
Time-correlated single photon counting (TCSPC) is a typical time-resolved fluorescence spectroscopic 
technique which is based on single wavelength detection. In this category, temporal fluorescence spectra are 
recorded at a certain and specific wavelength and the time-resolved spectra are subsequently reconstructed 
by an appropriate relative normalization procedure. TCSPC is based on the detection of the detection of 
single photons of a periodical light signal. The sensitivity of the SPC method is limited mainly by the dark 
count rate of the detector. The time resolution of SPC method is not so high (> 10 ps) as compared with other 
time-resolved fluorescence methods. In addition, the signal-to-noise ratio of this technique is not high for 
special fitting analysis methods which require a high measured signal.28 
Fluorescence up-conversion is another kind of single wavelength methods which provides high time 
resolution. Response times of less than 200 fs can be readily achieved making the fluorescence up-conversion 
the best option when the temporal resolution is of primary importance.29 Offsetting this primary advantage, 
fluorescence up-conversion requires the most precise optical alignment of the fluorescence methods. Another 
main problem for this method is that we cannot get a whole spectrum at the same time. The phase-matching 
requirements of the up-conversion process render it most easily employed in a single-wavelength mode. 
Nevertheless, two groups have gone beyond simple spectral reconstruction using fluorescence up-conversion. 
Gustavsson et al.30 developed an up-conversion instrument capable of aut mated scanning over wavelengths 
24 
 
at fixed time delays. By simultaneous computer control of the phase matching angle of the up-conversion 
crystal, the monochromator, and the delay stage, these groups demonstrated the ability to collect spectra with 
~10 nm spectral resolutions and nearly 200 fs time resolution at fixed time delays. 
Kerr-gated emission spectroscopy is another time-resolv d fluorescence technique which offers time 
resolution that is similar to the fluorescence up-conversion combined with the benefits of wide spectral range 
that can be measured at the same time and ease of alignment. Like fluorescence up-conversion, spontaneous 
emission excited by an ultrashort laser pulse is gated using a second, delayed pulse.28 In the case of the Kerr 
shutter, gating is effected by using the delayed pulse to create a transient birefringence in a Kerr-active 
medium.31 This birefringence enables momentary passage of flu rescence otherwise blocked by a pair of 
crossed polarizers. The main disadvantage of this technique is the large background from long-lived samples 
(nanosecond time scale). 
Another technique for the time-resolved fluorescence is that based on streak camera setup. The 
coupling of a streak camera to a spectrograph with two dimensional detection offers the ultimate in 
multichannel detection: the ability to record emission intensities continuously dispersed in both time and 
wavelength.32 The advantages of this approach are the wide spectral coverage available and relatively simple 
optical alignment required. The main drawbacks to the use of streak cameras for time-resolved emission 
spectroscopy are the low dynamic range of these detectors and the limitations on the time resolution currently 
available.33 The streak camera technique is typically suitable for my research which is related to fluorescence 
kinetics of PSII at a cryogenic temperature (77 K). In the next subsection, I will discuss in details bout the 
streak camera instrumentation.28 
 
(3-B-2)  Streak camera setup 
Time-resolved fluorescence measurements were performed using a picosecond streak camera system 
(C10627, Hamamatsu Photonics Inc., Hamamatsu) as shown in Fig. 3-3. Samples were excited by the 
frequency-doubled light at 430 nm and / or 460 nm from a Ti-sapphire laser (MaiTai, Spectra-Physics, 
Mountain View) with a repetition rate of 80 MHz and a pulse width of 110 fs. An excitation power of 20 µW 






The excitation beam was blocked after each measurement by an automatic shutter. The fluorescence 
emitted in the same direction as the excitation beam w s collected by an off-axis parabolic mirror and focused 
into the entrance slit of the polychromator. The slit width was typically set to 50 µm. The excitation 
wavelength was cut by a long-pass filter. Photodiode is used to detect the fundamental light (860 nm or 920 
nm) which is used for the triggering signal of the streak camera. The FWHM of the instrumental response 
function (IRF) for 1-ns time range has been estimated by a Gaussian fitting of the laser profile of scattered 
light as shown in Fig. 3-4. The FWHM of the instrumental response function (IRF) was around 10 ps. 




The time-resolved spectra were measured at the magic an le configuration to avoid the rotational 
relaxation effect as shown in the following equation;  
		 = 	 ∥ + 2
3  
where ∥ and  are the fluorescence measured with the polarizer before the polychromator in parallel and 
perpendicular configuration with respect to the excitation polarization, respectively. Fluorescence light was 
diffracted in the polychromator. A typical spectral esolution of 3.5 nm was observed at the slit width of 50 
µm. Streak images were recorded over a spectral range of approximately 255 nm, with intervals of 0.4 nm.  
The wavelength-dependent sensitivity of the system was corrected by the emission spectrum of a 
standard lamp installed at the sample position measur d with the same setup. It is difficult and time 
consuming to measure the correction factors for any given spectrofluorometer. The wavelength distribution 
of the light from a tungsten filament lamp can be approximated by that of a black body at the same 
temperature as the lamp filament (2073 K). The calcul ted emission spectra were estimated by the following 
equation: 
 = 	  	× 	

 ⁄              (3-3)   




The streak camera detection system is calibrated as follows: (1) the intensity of the tungsten lamp 
versus wavelength I(λ) is measured by using the streak camera system, (2) the spectral sensitivity curve of 
the detection system is calculated by dividing I(λ) with the calculated spectra L(λ) which estimated by the 
black-body equation (3-3) as shown in Fig. 3-5.  
Briefly, I will describe the operating principle ofthe streak camera. As shown in Fig. 3-6, the light 
being measured passes through a slit and is formed by the optics into a slit image on the photocathode f the 
streak tube. The incident photon on the photocathode is converted into electrons. The electron then passes 
through a pair of deflection electrodes to be accelerated. When the electrons pass between the deflected 
electrodes, high voltage is applied to sweep these electrodes at a timing synchronized to the incident light. 
During a high speed sweep, electrons which arrive at slightly different times are deflected in slightly different 
angles in the vertical direction, and enter the multi-channel plate (MCP). As the electrons pass the MCP, they 
are multiplied by a factor of several thousands.  
 






The bunch of electron output by MCP impacts against the phosphor screen, where they are converted 
again into light. Finally, the light from the phosphor screen is detected by a charge-coupled device (CCD) 
camera, giving a wavelength (horizontal)-time (vertical) 2D image. On the phosphor screen, the phosphor 
image corresponding to the optical pulse which was the earliest to arrive is placed in the uppermost pition, 
in other words, the vertical direction on the phosphor screen serves as the time axis. Also, the brightness of 
the various phosphor images is proportional to the int nsity of the respective incident optical pulses. The 
position in the horizontal direction of the phosphor image corresponds to the horizontal location of the 
incident light. In this way, the streak camera can be used to convert changes in the temporal and spatial light 
intensity of the light being measured into an image showing the brightness distribution on the phosphor screen. 
(see ‘Guide to Streak Camera’, Hamamatsu)  
 
(3-C)  Global and target analysis 
Fig. 3-6  Schematic diagram shows the components inside streak camera. 
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Time-resolved fluorescence data obtained with the sreak camera system provide a two-dimensional image 
of fluorescence intensity depending on both wavelength and time. In the global analysis, the two-dimensio al 
fluorescence image was sliced into many fluorescence de ays at different wavelengths as shown in Fig. 3-7 




The data were globally fitted to a sum of exponential assumed for the IRF for the convolution procedur. 
The model function of this analysis is shown in the following equations. The fluorescence decay at a 
certain wavelength is fitted by sum of five exponential components. The time constants of each component 
at different wavelengths are considered to be same. In this case, the change in amplitude value with the 
same time constant at different wavelengths provides us detail information about energy-transfer processes. 
 The outcome of the global analysis allows spectra to be associated with specific decay times. 
However, the associated pre-exponential amplitudes will vary from decay to decay depending on the amount 
of that species present. Plotting this value against wavelength weighted by the lifetime will produce an
A B 
Fig. 3-7  (A) 2D fluorescence image  and (B) Fluorescence decays at different wavelengths (red) and the 
fitting curves (blue). 
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intensity-wavelength graph which represents the spectrum associated to a particular lifetime. This graph is 
called decay associated spectrum (DAS). This analysis reflects the decay (positive amplitude) and rise
(negative amplitude) components with their corresponding time constants. A shown in Fig. 3-8, a DAS with 
a positive peak at a short wavelength and a negative peak at a long wavelength describes an energy-transfer 
process, whereas a DAS with only positive amplitudes scribes the excitation-energy trapping either by 
charge separation or by a natural fluorescence lifetime of the pigments.  
 
In the target analysis, a kinetic model (compartment model) that consists of many pigment 
compartments can be used for fitting the time-resolved fluorescence data. Each compartment contains 
strongly coupled Chlorophyll (Chl) molecules. In this case, the excited-electronic (excitonic) state was 
delocalized over these pigments. In the target analysis, the compartment model itself and initial population 
of each compartment are the inputs of this analysis. Figure 3-9A shows a simple model that consists of hree 
compartments. Rate constants between compartments, population kinetics, and species-associated spectrum 
(SAS) are the outputs of the target analysis. The rat  constants are estimated by numerically resolving the 
differential rate equation of each compartment as shown in Fig. 3-9B. The population kinetics and SAS are
shown in Fig. 3-9 (C and D), respectively. SAS is estimated by plotting the amplitude of each compartment 
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Fig. 3-9  (A) An example of the compartment model consisting of three compartments, (B) Differential rate 
equations, (C) Species-associated spectrum (SAS), and (D) Population kinetics. 
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(4-A)  Effect of excitation wavelengths on the fluorescence kinetics of non-oxidized PSII-em at 77 
K 
We have measured the time-resolved fluorescence spetra at 77 K of PSII-em with closed RCs containing 
the reduced form of quinone A (QA) upon excitation at 430 nm and 460 nm. 25, 34, 35 Fig.4-1 shows the 2D 
time-wavelength images of PSII-em excited at 430 and 460 nm.  
 
The redox status of the electron-transfer chain under a dark condition was typically neutral (P680 QA), 
where P680 and QA are the special pair and the secondary electron acceptor, respectively. During the laser 
excitation, (P680+ QA−) with a long lifetime (2-5 ms) will be accumulated in average. In this state, the primary 
electron donor, the accessory (Acc) Chl, and the primary acceptor, pheophytin, are still active. A closed RC 
at room temperature shows much slower fluorescence decay than open RCs. 36At 77 K, the charge 
recombination hardly repopulates the excited state of Chl to generate the delayed fluorescence. On the ot r 
hand, at room temperature, the excited state of Chl will be repopulated by the recombination of the charge-




separated state (P680+ QA−) and this repopulation will induce the delayed fluorescence.  The excitation at 430 
nm mainly excites Chl a pigments, whereas the excitation at 460 nm leads to the excitation of Chl b pigments, 




Fig.4-3 shows the fluorescence-decay curves of both430-nm and 460-nm excitations. The 430-nm 
excitation results in a slightly faster decay than that observed with the 460-nm excitation. This may be 
because the 460-nm excitation induces a more initial excitation population in the peripheral antenna, from 
which the migration of the excitation to the trap tkes longer time.37 To obtain more information about the 
energy transfers, we fitted the fluorescence-decay curves of PSII-em excited at 430 nm and 460 nm globally 
to the sum of five exponential decays. The fitting quality by the five exponential decays is good, as shown in 
Fig. 4-4. (The amplitude of each component plotted against the wavelength is called the decay-associated 
spectrum (DAS).). The residual plots of this fitting are shown in Fig. 4-5.  
Fig. 4-2  Schematic diagram of PSII-em shows that 430-nm excitation is used to excite Chl a and 









Fig. 4-3  Fluorescence time profiles of non-oxidize PSII-em measured by streak camera setup at 77 
K. Excitation wavelengths were 430 nm (red) and 460nm (black). The profiles were processed by 
averaging the decay over the whole spectral range from 670 nm to 700 nm, and they were normalized 






The estimated DAS from the global analysis is shown in Fig. 4-6. The 8.2-ps DAS in Fig. 4-6A 
shows a major negative peak at 678 nm and a small positive peak at 668 nm. An overall feature of this DAS 
describes an internal conversion from higher-lying electronic states of Chls to lower-lying ones. The small 
positive peak at 668 nm may describe a small contribution from the energy transfer from the blue Chl a to 
the redder Chl a within LHCII. The 2.3-ps DAS in Fig. 4-6B has larger positive amplitude than the 8.2-ps 
DAS in Fig. 4-6A. This 2.3-ps component might reflect the energy transfer from Chl b and blue Chl a to Chl 
a in LHCII. These results are consistent with the prvious transient absorption (TA)38-41 and the time-resolved 
fluorescence studies42 of isolated LHCII, which revealed that the energy transfer from Chl b to Chl a takes 
place with two major time constants of 300–600 fs and 3–7 ps at 77 K. 
Fig. 4-4   Fluorescence time profiles of non-oxidize  PSII-em (red) and their fittings (blue) by five 
exponential functions. Excitation wavelengths were 430 nm (A) and 460 nm (B). The monitoring 







An energy transfer between Chl a molecules in LHCII was reported to take place on a 1-ps time scale or 
longer.43-45 
The second fastest DAS components, with time constants of 17 ps (430-nm excitation) and 22 ps 
(460-nm excitation), represent mixtures of the energy transfer to the primary donor (trapping) and the en rgy 
transfer from the pigments emitting at 675 nm in LHCII to those emitting  at 683 nm in PSII-cc. The larger 
negative peak for the 460-nm excitation can be explained by a larger energy-transfer contribution. Moreover, 
it should be noted that the migration times from LHCII to PSII-cc in the present study were estimated to be 
17 ps (430-nm excitation) and 22 ps (460-nm excitation), which are faster than those calculated by a simple 
course-grained model.37 This model calculated the migration time at room te perature to be 35 and 39 ps 
upon 430-nm and 460-nm excitations, respectively. The difference in migration time between the present 
data and those in ref. 37 is due to the different tmperatures. At room temperature, the uphill energy transfer 
competes with the downhill energy transfer and increases the effective migration time.  
 
Fig. 4-5  Estimated residual plots of the fittings of the time-resolved decays in Fig. 4. 430-nm 







It is very important to compare the time constants shown above with those described in a previous 
study on the singlet–singlet annihilation of isolated LHCII.46 The study predicted that the average migration 
time in PSII would be close to N×~32 ps, N being the number of LHCII trimers per reaction center and 32 
ps being the equilibration time of an excitation over the LHCII trimer in a random aggregate of trimers. The 
migration time from the outer antenna to the core cmplex in the present study is much faster than the reported 
equilibration time (32 ps) of an excitation over LHCII trimers. We can conclude that the arrangement and 
organization of LHCII in PSII-em have been optimized to yield a specific pathway in which an efficient 
excitation-energy transfer is realized. It is very interesting to know the favorable excitation-energy-transfer 
Fig. 4-6  Estimated DASs of the non-oxidized PSII-em r sulting from global analysis using five 
exponential decays. Excitation wavelengths were 430 nm (A) and 460 nm (B). 
39 
 
pathway from LHCII to the core complex. Therefore, we tried to construct a compartment target model to 
obtain more information, as will be discussed in section (4-C). 
The decay components with time constants of 84 ps (430-nm excitation) and 79 ps (460-nm 
excitation) have small negative peaks at 692 nm, indicating that a small amount of excitation energy is 
transferred to the Red Chl, which is considered to be the emitting pigment in CP47.47-49 Our structure-based 
simulation in the previous paper14 was in good agreement with the time-resolved fluorescence data of PSII-
cc purified from a thermophilic cyanobacterium, Thermosynechococcus vulcanus. It was suggested that 
Chl29 in CP47 is responsible for the fluorescence peak at 692 nm. The 84-ps and 79-ps DAS components 
are similar to the value of 87 ps estimated in our previous study on PSII-cc.  In PSII-em, the positive peak 
position of the third DAS components is about 4 nm blue-shifted as compared with that in PSII-cc, probably 
because it contains many LHCII binding several Chl b and blue Chl a. In an early study34, a DAS with a time 
constant of 132 ps, similar to the present 84-ps and 79-ps components, did not show an energy-transfer pattern 
to the emitting state at 692 nm. On the other hand, 84-ps (430-nm excitation) and 79-ps (460-nm excitation) 
DAS components have a mixture of energy transfers to the 692-nm emitting pigment and the trapping by the 
charge separation process. There have been several reports about sub-picosecond transient-absorption 
measurements of isolated PSII-RC.50, 51 The time constants of the 84-ps and 79-ps DAS components are 
similar to those of the second decay component of the excited state in PSII-RC (30 ps to 100 ps). They have 
been attributed to charge separation, after a direct excitation, of a relatively long-lived state in the PSII-RC 
which is degenerate with the primary donor (P680) and subsequent slow energy-transfer from this state to 
the primary donor.  
The fourth DAS components, with time constants of 250 and 260 ps in Fig. 4-6A and B, respectively, 
have an emission maximum at 683 nm. They describe the nergy trapping by the charge-separation process 
in the primary donor. The origin of this decay phase is assumed to be Chl45 or Chl43 in CP43.13 The slowest 
decay components with the time constants of 4.7 and 5.1 ns show the natural lifetime of Chl a. We estima ed 
the contribution from each DAS component to the steady-state emission spectrum as shown in Fig. 4-7. In 
Fig. 4-7, we show DASs multiplied by their lifetimes.8 Fig. 4-7 confirms that the two major components at 
683 nm and 692 nm in the steady-state fluorescence spectrum of PSII-em at 77 K are mainly contributed by 
the 250-ps decay component and the 4.7-ns one, respectively. The time constants of the slowest DASs are 






(4-B)  Effect of oxidant on the fluorescence kinetics of PSII-em at 77 K 
In this section, we discuss the results obtained for the PSII-em sample with an oxidative agent, 
K3[Fe(CN)6], along with a short illumination at 77 K to oxidize Cyt b559 and produce a high yield of oxidized 
ChlZ.26, 26 Fig. 4-8 shows the schematic diagram of the oxidize  PSII-em, in which  both ChlZD1 and ChlZD2 
might be oxidized upon addition of the oxidant.  
We have measured the time-resolved fluorescence spectra of the oxidized PSII-em at different excitation 
wavelengths, 430 and 460 nm, at 77 K. Fig. 4-9A and B compares the fluorescence-decay profiles of the 
oxidized (black) and non-oxidized (red) PSII-em for the 430-nm and 460-nm excitations, respectively. Figure 




Fig. 4-7  DASs in Fig. 6A multiplied with their lifetimes showing the relative contributions to the 





Fig. 4-8  Schematic diagram of the oxidized PSII-em that shows that ChlZ pigments might be 
oxidized upon addition of the oxidant.  
Fig. 4-9  Effect of the addition of [Fe(CN)6]3− as an oxidant on the fluorescence time profiles of PSII-em upon the 
430-nm (A) and 460-nm (B) excitations. All the profiles were processed by averaging the decay over the whole 
spectral range from 670 nm to 700 nm, and they were no malized to their maximum. The inset shows the time-
integrated fluorescence spectra of non-oxidized and oxi ized PSII-em excited at 430 nm. 
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The fluorescence intensity of the oxidized sample excit d at 430 nm showed a more significant reduction 
than that for the 460-nm excitation. Thus, we could confirm that the fluorescence emission of PSII-em is 
quenched when the sample is treated with [Fe(CN)3]3− as the oxidant, probably due to the presence of a 
specific quencher(s) in the complex. Schweitzer et al. suggested that the quencher was a ChlZ cation located 
in PSII-cc.27 Our data in Fig. 4-9 showed that the excitation energy can be quenched effectively when PSII-
cc is mainly excited at 430 nm, whereas the quenching process is less effective when LHCII is mainly excited 
at 460 nm. This clearly confirmed that the quencher is located within PSII-cc. In the next section (4-C), we 





The time-resolved fluorescence data from the oxidized sample were globally fitted by five exponential decay 
components. The estimated DASs are shown in Fig. 4-10. By comparing the DASs in Fig. 4-6A and Fig. 4-
10, we found that the time constants of all the comp nents were a little shortened upon addition of the oxidant. 
The 70-ps DAS in Fig. 4-10 has a larger negative peak at 692 nm as compared with the counterpart DAS in 
the non-oxidizing condition with a time constant of around 80 ps in Fig. 4-6. Interestingly, this seems to 
indicate that the excitation-energy trapping by charge separation is limited in the oxidizing condition as 
Fig. 4-10  Estimated DASs of an oxidized PSII-em resulting from global analysis using five 
exponentials. Excitation wavelength was 430 nm. 
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compared with the case of the non-oxidizing condition. However, we will not discuss this effect more in 
detail because the reduced positive peak of the 70-ps DAS might be due to the interference by the DAS with
a quite similar time constant of 130 ps. The decay of the slowest component, which is the main target of this 
work, was clearly accelerated from around 4.7 ns in the non-oxidized sample to around 0.8 ns in the oxidized 
sample. Thus, we can infer that the quenching of the steady-state fluorescence is associated with the 
nanosecond DAS component centered at 692 nm, as shown in the Fig. 4-11.  
  
Fig. 4-11  Time-integrated fluorescence spectra of the oxidized (black) and non-oxidized  (red) 
PSII-em excited at 430 nm. 
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 According to previous studies27, 52, 53 , here we tentatively assign ChlZ+ as the potential quencher in 
PSII-cc at 77 K. In general, at a low temperature, th  primary electron-transfer pathway is nearly blocked, 
and the secondary electron-donation pathway, consisting of Cyt b559, ChlZ, and carotenoid (Car), is activated. 
Tracewell et al. measured the near-IR absorption spectra of a pre-oxidized Mn-depleted spinach PSII 
membrane sample after illumination at temperatures f om 6 to 120 K. They performed Gaussian 
decomposition of the near-IR spectra to estimate the number of contributing components and their relative 
intensities. At low temperatures, they found two peaks at 817 and 850 nm representing ChlZ+ and one more 
peak at 895 nm representing Car+. When the sample was warmed to 77 K, the intensities of the ChlZ+ peaks 
were almost unchanged, whereas the Car+ peak was significantly reduced. These results indicated that Car+ 
QA− is a less stable charge-separated state than ChlZ+ QA−.27 Schweitzer and Brudvig carried out EPR 
spectroscopy and fluorescence measurements on the PSII membrane sample.54 They prepared many PSII 
samples with different, well-defined stable redox states to study the relationship between the redox states of 
the cofactor pigments and the fluorescence emission. They illuminated the untreated PSII sample at 77 K for 
90 s to induce the ChlZ oxidized form. They concluded that the fluorescence i tensity was quenched due to 








The actual fluorescence quenching by ChlZ+ is considered to be induced by excitation-energy 
transfers from Chl molecules to ChlZ+. According to the Förster theory, a reasonable overlap between the 
fluorescence emission spectrum of a Chl pigment (donor) and the absorption spectrum of ChlZ+ (acceptor) is 
required for an efficient energy transfer. The previous study55 about the absorption spectrum of the Chl cation 
Fig. 4-12  (A) Absorption spectra of Chl a and its radical cation (Chl a+). (B) Schematic diagram shows 





in solution indicated that there is a reasonable overlap between the emission spectrum of a Chl molecule and 
the tail in the shorter-wavelength side of the absorpti n band of the lowest excited state of ChlZ+ at around 
800 nm, as shown in Fig. 4-12A.  
Excitation-energy flows from Chl pigments to the quencher then will be quickly relaxed to its lowest 
electronic-excited state at around 810 nm by the nonradiative internal conversion process as shown in Fig. 4-
12B. The reverse energy transfer is practically inhibited because it is steeply uphill. 
It was also suggested that ChlZ+ can play a role in nonphotochemical quenching in PSII56, 57, as the 
xanthophyll cycle does in the PSII peripheral antena.58 This implies that the ChlZ+ quenching mechanism 
would be considered one of the photoprotection mechanisms in plants under steady-state, high-light 
conditions. However, the fluorescence-quenching pathw y by ChlZ+ is still unknown. Generally, ChlZ+ 
should accept excitation energy from another Chl pigment in PSII-cc. This Chl pigment might be located 
either in the reaction center or in the core antenna complexes (CP43 and CP47). 
 
(4-C) Construction of a compartment model consistent with the PSII structure 
In this section, a new compartment target model with the minimum number of compartments was 
constructed. This model is based on the results of structure-based simulation of PSII-cc.14 Briefly, in ref. 14, 
the authors considered the orientation, position, and site energy of each Chl molecule based on the PSII 
structure2 to calculate the fluorescence kinetics at different temperatures and compared them with the 
experimental ones. The main finding of the research was that the lowest excited-state pigment in the PSII
complex was Chl29 (Red Chl) located in CP47. Using this model, we fitted the time-resolved fluorescence 
data of PSII-em under different experimental conditions. In the first part of this section, we used this model 
to fit the time-resolved fluorescence data of the 430-nm and 460-nm excitations without an oxidant.  
The newly constructed model for PSII-em consists of four emitting compartments and one non-emitting 
compartment, as shown in Fig. 4-13.  The compartments are as follows: LHCII (black), CP43+RC (blue), 
CP47 bulk (CP47b) (green), the Red Chl of CP47 (red), and the first radical pair (orange). Here, CP47b is 
assumed to contain Chls in CP47 except for the Red Chl. As shown in Fig. 4-13, we tentatively combine RC
with CP43 in the same compartment. This is consistent with our previous structure-based simulation, which 




















At 77 K, it is impossible to keep RC open. We expressed the electron-transfer processes by only one 
compartment (RP1), which represents the first charge-separated state ChlD+ Pheo−. We can omit the second 
radical pair compartment (RP2), which represents the second charge-separated state, P680+ Pheo−, because 
P680+ QA− is already accumulated in our experimental conditions. 
All the free kinetic parameters of 430-nm and 460-nm excitations were globally fitted except for the 
initial population parameters. In this model, we assumed an irreversible excitation-energy flow from LHCII 
to PSII-cc. This assumption was given according to the compartment analysis results. We found that the 
reverse rate constants from PSII-cc to LHCII were very small when we performed the analysis without the 
constraint. For the actual fitting process, we neglected these reverse rate constants and set their values equal 
to 0. Snellenburg et al.18 assumed in their target analysis that the spectral are s of all SASs are equal to each 
other based on an assumption that all the Chl pigments possess the same oscillator strength. This assumption 
is, however, not always valid because of the situation in a photosynthetic proteins, as described below. In 
En
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Fig. 4-13 Compartment model used for the target analysis of PSII-em, consisting of five 
compartments: four of them, LHCII (black), CP47b (green), CP43+RC (blue), and Red Chl (red), 
represent the fluorescent compartments. The fifth one, RP1, is non-fluorescent and represents the 
primary radical pair. The vertical axis shows the relative energy of the fluorescent compartments. 
The values in the boxes are the initial populations f the components for the 430-nm (left) and 
460-nm (right) excitations. Blue and black arrows represent excitation-energy and electron 




this type of analysis, each compartment often contains many pigments connected through strong excitoni 
couplings. This leads to the formation of delocalized excited states that absorb light at different energies from 
the localized excited states and also leads to a redist ibution of the oscillator strengths among different 
delocalized excited states.13, 59 Thus, the area of the SAS may depend on the different delocalized excited 
states in each compartment.  
A good fitting quality was obtained, as shown in Fig. 4-14A and B, for the 430-nm and 460-nm 
excitations, respectively. The residual plots of this fitting are shown in Fig. 4-15. The obtained population 
kinetic profiles of the 430-nm and the 460-nm excitations and the corresponding SAS are shown in Fig. 4-
14C, D, and E, respectively. The less-effective quenching upon the 460-nm excitation can be explained by 
the initial population of the CP47 compartment, as shown in Fig. 4-13. It is around 0.1 in the case of 460-nm 
excitation, whereas it is around 0.2 in the case of 430-nm excitation. The difference in the initial population 
of CP47 leads to the change of the apparent excitation-energy quenching rate.  
The SAS of the LHCII compartment shows a blue-shifted emission peak at 675 nm because it 
contains Chl b and blue Chl a pigments, which emit at shorter wavelengths. The red-pigment compartment 
of CP47 has an SAS with a peak at 692 nm, which is on istent with an emission peak at 692 nm in the tim -
integrated fluorescence spectra of PSII-em at 77 K. The CP47b compartment emits at 682 nm. This emission 
probably comes from the second lowest optical band in CP47, according to anisotropy measurements10 and 
the theoretical calculations.13 It was found that the two low-energy pigments, Chl11 and 24 (Chl numbering 
is again according to Loll et al.), in CP47 are responsible for different exciton transitions at 682 nm.  
The SAS of the (CP43+RC) compartment has an emission peak at 680 nm. This peak is 2–3 nm 
blue-shifted from the known emission wavelength of the CP43 complex at 682 nm. This shift is due to the 
combination of CP43 with RC. (Three pigments are observed to contribute to the lowest exciton state at 682 
nm in CP43. Two of them, Chl43 and 45, are in the same domain, whereas the third one, Chl37, is in another 










Fig. 4-14 Results of the target analysis of the fluorescence-decay kinetics of non-oxidized PSII-em. 
Panels (A) and (B) show the fitting quality of the 430-nm and 460-nm excitations, respectively. The 
monitoring wavelengths of the curves in (A) and (B)are 658 nm, 674 nm, 686 nm, and 698 nm from 
bottom to top. Panels (C) and (D) show the population kinetics at different excitation wavelengths, 
430 nm and 460 nm, respectively. Panel (E) shows the estimated SASs, which are determined globally 






Fig. 4-15 Estimated residual plots of the fittings of the time-resolved decays in Fig. 14. (A) 430-nm 




The estimated time constants of the energy transfers, the inverse of the rate constants, in PSII-em 
are given in Fig. 4-13. The standard deviations of these rate constants are shown in table 4-1. The energy-
transfer time constants from LHCII to CP47b and to (CP43+RC) are around 20 and 35 ps, respectively. The 
time constant of the energy transfer from (CP43+RC) to CP47b is around 240 ps, whereas that for the revers  
direction is around 360 ps. Then, the excitation energy transfers from CP47b to the Red Chl with the time 
constant of around 320 ps. From these results, we can suggest that most of the excitation energy in PSII-em 






Pigments in energy- 
transfer processes 
Rate constants (ns-1) ± standard deviations 
LHCII to (CP43+RC) 28.41 ± 1.82 
LHCII to CP47b 50.23 ± 2.54 
CP47b to (CP43+RC) 2.77 ± 0.13 
CP47b to Red Chl 3.10 ± 0.12 
CP47b to quencher 0.71 ± 0.04 
(CP43+RC) to  CP47b 4.15 ± 0.18 
(CP43+RC) to RP1 22.21 ± 0.95 
Red Chl to  CP47b 0.81 ± 0.03 
Red Chl to quencher 2.04 ± 0.09 
RP1 to (CP43+RC) 0.07 ± 0.004 
Table. 4-1 Estimated rate constants and their standard eviations of the energy-transfer processes 
which are shown in Fig. 13. 
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The second part of this section includes a new targe  model for the fitting of the time-resolved 
fluorescence data of the oxidized sample excited at 430 nm and 460 nm. Basically, the model is similar to 
that in Fig. 4-13 with the exception of four quenchi g paths being introduced to the emitting compartments, 
as shown by dotted red arrows in Fig. 4-13. We assumed that the electron and energy-transfer time constants 
are not altered by the oxidation, whereas SASs will be modified. We also assumed that the SAS of the Red 
Chl compartment should be the same for the 430-nm ad 460-nm excitations in the new model because it 
contains only one pigment. Thus, the SAS of the RedChl is globally fitted, whereas those of the other 
compartments are not globally fitted. In addition, the kinetic parameters of the quenching paths are globally 
fitted and set free. 
The fitting quality of this target model is good, as shown in Fig. 4-16A and B for the 430-nm and 
460-nm excitations, respectively. The residual plots f this fitting are shown in Fig. 4-17. The resulting 
population kinetic profiles of 430-nm and 460-nm excitations are depicted in Fig. 4-16C and D, respectiv ly. 
The corresponding SAS of 430-nm and 460-nm excitations are depicted in Fig. 4-16E and F, respectively. In 
this fitting, the quenching rates were set free to vary, and their initial values were set as 0. We found that 
after the fitting, only the quenching paths of the Red Chl and CP47b have significant values, whereas the two 
other quenching paths do not have any appreciable vlu s. The time constants of the quenching path of CP47 
and the Red Chl are around 1.4 ns and 490 ps, respectively. These results suggest that upon addition of the 


















Fig. 4-16 Results of the target analysis of the fluorescence-decay kinetics of oxidized PSII-em with 
[Fe(CN)6]3−. Panels (A) and (B) show the fitting quality of the 430-nm and 460-nm excitations, 
respectively. The monitoring wavelengths of the curves in (A) and (B) are 658 nm, 674 nm, 686 nm, 
and 698 nm from bottom to top. Panels (C) and (D) show the population kinetics at different excitation 
wavelengths, 430 nm and 460 nm, respectively. Panels (E) and (F) show the estimated SASs of the 










Fig. 4-17 Estimated residual plots of the fittings of the time-resolved decays in Fig. 16. (A) 430-nm 
excitation and (B) 460-nm excitation. 
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(4-D)  Validity estimation of models 
In this section, we will discuss in detail the molecular origins of the Red Chl and the quencher to 
understand our experimental results described in the above sections. According to the experimental results 
and target analysis in the present study, we confirmed that the Red Chl is quenched upon addition of the 
oxidizing agent. The quenching of the fluorescence peak at 692 nm, as shown in the Fig. 4-11, corresponds 
to the quenching of the Red Chl compartment in Fig.4-13. The molecular origin of the 692-nm fluorescence 
band in PSII-cc is still under debate. According to the studies of the low-energy states of CP4710, it was 
concluded that the low-energy state emitting around 692 nm is due to a monomeric Chl whose Qy transition 
dipole moment has an angle larger than 35° with the membrane plane. This finding is in agreemnt with the 
fit of linear optical spectra made by Raszewski andRenger.13 They suggested that the lowest excited state of 
CP47 is localized on a monomeric Chl, namely Chl29. We, in the previous paper, showed that a model 
assuming Chl29 as the Red Chl can give a very nice reproduction of the experimental fluorescence dynamics 
of PSII-cc, including its temperature dependence.14 Thus, here we consider Chl29 as the primary candidte 
for the Red Chl.  
On the other hand, Jankowiak and co-workers have rais d a question about the above assignment. 
They proposed another assignment of Chl26 to be the low st excited state.15 As they pointed out, we could 
confirm the alteration of the fluorescence spectrum by the repeated freeze–thaw cycles, although the effect 
is limited. Here, we will test the above two assignme ts and examine the validity of each interpretation by 
comparing the present experimental results.  
Actually, in PSII-cc, there are two ChlZ pigments, ChlZD1 and ChlZD2, located at the peripheral edge 
of RC, close to CP43 and CP47, respectively. It is still under debate which ChlZ of these two is photo-
oxidized; ChlZD1 was proposed to be photo-oxidized based on a studyusing site-directed mutants at D1-H118 
and D2-H117 in the cyanobacterium Synechocystis PCC 680363, whereas ChlZD2 was assigned to be photo-
oxidized in PSII from Chlamydomonas reinhardtii.64 There are another reports showing that both ChlZD1 and 
ChlZD2 are photo-oxidized based on analysis of the near-infrared absorption bands of ChlZ.65 We will use the 
above two assignments (ChlZD2+ and ChlZD1+) in the following discussion because we do not have enough 
information to evaluate which is more likely at present. 
We calculated the excitation-energy transfer time constant   between the hypothetical donor 
pigments (Chl29 or Chl26) and the acceptors (ChlZD2+ or ChlZD1+) in the dimer structure of PSII-cc based on 
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the Fo rster theory to tentatively identify the proper energy-quenching pathway upon addition of the oxidizing 
agent. To do this, we should calculate the overlap integral of the normalized absorption of the acceptor and 
the fluorescence spectra of the donor66, as well as the excitonic couplings. The transfer rate is expressed as 
in the following equation:67 
1  = 		  	= 		1.18			
		and													
 = 	  		d,            (1) 
where  has a unit of ps,  is the excitonic coupling in cm, and  is the spectral overlap integral 
between the fluorescence spectrum 	
 of the donor and the absorption spectrum 	
 of the acceptor. 
	
 and 	
 are normalized so that the integrated area gives unity.  
Excitonic couplings between the pigments were calcul ted14 with the Poisson-TrEsp method 
established earlier68-70 by using PSII crystal structure.2 The second parameter in Eq. 1, the spectral overlap 
integral, was calculated by using spectral profiles modeled by Gaussian functions, as shown in Eq. 2:67 
																			or	 = 	 √	 	exp −  ,               (2) 
where σ and ν are the width and peak position of the spectrum in a unit of cm−1, respectively. The peak 
position and width of the fluorescence spectrum of Chl donor molecules and the absorption spectrum of the 
ChlZ acceptor are determined by the Gaussian fitting of SAS of Red Chl shown in Fig. 4-16 and the reported 
absorption spectrum of the Chl cation radical in soluti n, respectively. The absorption spectrum of Chl cation 
radical was obtained by pulse radiolysis of 2% Triton X100-water N2O saturated solutions of 7.5 × 10-5 M 
Chl a containing 5 × 10-2 M SCN− at room temperature.55 The parameters for the simulated absorption 
spectrum of ChlZ+ were estimated to be ν	= 12500 cm−1 (800 nm) and σ = 1000 cm−1, whereas the simulated 
fluorescence spectra of a neutral Chl ν and σ were estimated to be 14390 cm−1 (694 nm) and 272 cm−1, 
respectively. The simulated fluorescence and absorption spectra according to Eq. 2 are shown in Fig. 4-18. 
The integration of the product of these spectra results in the value of 6.74×10−3 cm-1 for the spectral overlap 













Table 4-2 lists the calculated excitonic coupling values and the energy-transfer time constants of 
eight donor–acceptor combinations in the dimer structure of PSII-cc. We found that the excitonic coupling 
between Chl29 and ChlZD1+ in the other monomer unit was the highest one, ca. 1.3 cm−1, while the couplings 
of Chl29 with the other hypothetical quenchers were negligible. On the other hand, the coupling between th  
alternative Red Chl candidates, Chl26, and ChlZD2+ in the same monomer was ca. 1.2 cm−1, which is dominant 
as compared with the other coupling values. The calcul tions predicted that the excitation energy in Chl29 is 
efficiently quenched within 75 ps by ChlZD1+ in the other monomer unit, whereas the quenching of Chl26 by 
ChlZD2+ in the same monomer has a time constant of 88 ps. According to our calculations, there are many 
other pigments with faster energy-transfer time consta ts than those listed in Table 4-2 (not shown). However, 
according to the structure-based simulation14 a d the hole-burning study15, they have been assigned to have 
donor / acceptor location excitonic coupling  
(cm-1) 
energy transfer time 
constant (ps) 
Chl29 to ChlZD2 same monomer 0.10 13×103 
Chl29 to ChlZD1 same monomer -0.10 13×103 
Chl29 to ChlZD2 different monomer 0 --- 
Chl29 to ChlZD1 different monomer -1.3 75 
Chl26 to ChlZD2 same monomer 1.2 88 
Chl26 to ChlZD1 same monomer 0 --- 
Chl26 to ChlZD2 different monomer -0.20 3.0×103 
Chl26 to ChlZD1 different monomer -0.20 3.0×103 
Fig. 4-18 Simulated fluorescence spectrum of red Chl (black) and absorption of the Chl cation (red) 
used in the estimation of the spectral overlap (J). 
 
Table. 4-2  Estimated excitonic couplings and the en rgy-transfer time constants between red Chl 




significantly higher site energies as compared withChl29 and Chl26, making the assignment of the Red Chl 
to these pigments unlikely. 
Based on the above calculations, we proposed a model shown in Fig. 4-19, in which the Red Chl is 
assigned to Chl29 and the excitation energy on it is efficiently quenched by ChlZD1+ in the other monomer 
unit upon addition of the oxidizing agent. This model is consistent with the assignment that Chl29 is the 
lowest excited state according to the structure-based simulation.14 This qualitative model provides a proper 
excitation-energy-quenching pathway, as shown. Thus, we can suggest that Chl29 has a potential functio in 
the photoprotective role in PSII-cc. It is also interesting to point out the importance of the dimeric structure 
of PSII-cc. The quenching pathway from Chl29 to ChlZD2 proposed here suggests that the dimer structure 
plays an important role in the photoregulation processes in the PSII complex. A direct proof of this model is 
still missing and will be a novel future goal. On the other hand, the present estimations of the energy-transfer 
rates do not exclude assignment of the Red Chl to Chl26. The distance between these two Chls seemed to be 
larger than that between ChlZD1 and Chl29 in the two-dimension image in Fig. 4-19. The two distances are 
not so different actually in the three-dimension space. The quenching pathway from Chl26 to ChlZD2 in the 
same monomer unit is a possible alternative interpretation. One method to verify the above two possibilities 
is to measure the effect of an oxidizing agent on the fluorescence kinetics of an isolated PSII monomer. If 
only the quenching pathway from Chl29 to ChlZD1 actually functions, the addition of an oxidizing aent will 












Fig. 4-19  Schematic diagram shows pigment contribution to the PSII-cc dimer structure. Two 
thick arrows indicate the excitation-energy transfer from Chl29 (donor) in one monomer unit to 
ChlZD1+ (quencher) in the other monomer unit. Two thin arrows represent the energy transfer 



























We measured the time-resolved fluorescence spectra of PSII-em at 77 K excited at 430 nm and 460 
nm. The fluorescence-decay profiles were fitted by the global and target analyses. We succeeded in globally 
fitting the time-resolved fluorescence data of non-oxidized and oxidized samples excited at 430 nm and 460 
nm by using a new compartment model. The model has a minimum number of compartments and is consistent 
with the microscopic model based on the structure of PSII-cc. According to the results of the target analysis, 
we found that the excitation-energy transfer from LHCII to the Red Chl through CP47 is the favorable 
excitation-energy pathway. We also confirmed that te Red Chl is drastically quenched upon addition of the 
oxidizing agent. Based on the energy-transfer rate c lculations, we suggested a qualitative model that
describes possible excitation-energy-quenching pathways in a PSII-cc dimer. One of the possible quenching 
pathways consists of Chl29 as the energy donor and ChlZD1+ in the other monomer as the energy quencher. 
At the present stage, we cannot deny another possible pathway that consists of Chl26 as the energy donor 
and ChlZD2+ in the same monomer unit as the energy quencher. If we can prove experimentally that the 
dimeric structure of PSII-cc has an essential role in the quenching process, then we would be able to give a 
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